Background: Bronchial challenge testing (BCT) measures airway hyperresponsiveness; asthma guidelines recommend using BCT when symptoms manifest despite normal spirometry. Improper application of these guidelines commonly results in the misdiagnosis of asthma. Yet, statistics concerning BCT remain largely obscure. The current paper addresses this gap and explores how various health variables may elucidate adherence to asthma guidelines and patterns of BCT across Canadian provinces. Methods: Using the Access to Information Act, medical financial claims for BCT (or equivalent procedures) were requested from each of the Canadian provinces and territories. Based on the available information (from provinces only), correlations between frequency of BCT claims and medical demographics (e.g., prevalence of respirologists, health expenditures) are reported. Discussion: These findings demonstrate that provinces vary in their use of BCT. This result seems to stem, at least in part, from differences in the prevalence of respirologists. Interestingly, geographic region appears to wield a strong influence; in the correlation between number of tests and number of respirologists, physicians from Western provinces (i.e., Alberta, Saskatchewan, and British Columbia) administered fewer tests than their Eastern colleagues. Given the association between inadequate application of BCT and misdiagnosis of asthma, physicians should pay special attention to the Canadian guidelines when considering an asthma diagnosis.
INTRODUCTION
Existing asthma guidelines [1] [2] [3] [4] [5] [6] recommend that physicians confirm the diagnosis of asthma with objective pulmonary function testing (PFT) measures [7] , including, but not limited to, spirometry [8] and nonspecific bronchial challenge testing (BCT) [9] . This practice helps to reduce misdiagnosis and its societal and personal costs [10] . Without PFT, physicians risk over-diagnosing or under-diagnosing asthma by approximately 30% [11] [12] [13] [14] [15] [16] and 20% [15] [16] [17] [18] , respectively. Consequently, an editorial in the Canadian Medical Association Journal [19] stated that "Failure to make the diagnosis of asthma objectively is unacceptable… Physicians who do not use spirometry for their asthma patients should not be managing asthma," (p. 1099), although some disagree [20] . And yet, the little available documentation concerning frequency of PFT suggests that Canada scantily meets its asthma guidelines [2] . One study [21] reported only 54% of individuals diagnosed with asthma ever had PFT; only 49% of general practitioners and 46% of physicians reported using PFT. In a study looking at over-diagnosis [12, 22] , only 49% of patients went through spirometry on the initial diagnosis of asthma. Two other studies revealed that only 43% and 52% of diagnosed individuals received PFT in Ontario [23] and Nova Scotia [13] , respectively. Overall, these findings propose that Canadian physicians resort to PFT in a suboptimal fashion [24] .
In the presence of symptoms but normal spirometry, Canadian guidelines [2] recommend measuring airway hyper-responsiveness via BCT [9] . A rough estimate of the percentage of people requiring BCT can be formed from the number of patients that show normal spirometry despite reporting respiratory symptoms (although alternative methods besides BCT can also be used to investigate asthma given normal spirometry, such as bronchodilator response [25] , peak flow monitoring and trial of therapy [26] , and sputum induction and fractional exhaled nitric oxide [27] ). The NHANES III study [28] , based on a US sample of more than 16,000 individuals, estimated that more than 85% of adults older than 24 years of age with respiratory symptoms (including diagnosis of asthma) will have normal lung function as measured by spirometry. Moreover, when specifically investigated for asthma, between 55% [29] and 67% [30] of children and approximately 34% [31] of adults older than 50 years will typically show normal spirometry. In one study [32] of adults with symptoms of obstructive pulmonary disease, 63% had normal spirometry (80% excluding chronic obstructive pulmonary disease); BCT later identified asthma in 47% of individuals with normal spirometry. Despite these abovementioned data concerning normal spirometry, to the best of our knowledge, the only source documenting BCT is a survey that relied on a small convenience sample [33] . This survey estimated the application of BCT in the province of Québec to approximate 5150 tests per year. Otherwise, no systematic data are readily obtainable on the use of BCT within Canada. This paper presents patterns of BCT across Canada, speculates on potential factors influencing its use, and contextualizes these trends in relation to the Canadian asthma guidelines. This work will contribute to bring a unique perspective to better understand, and eventually address, the misdiagnosis of asthma in Canada.
METHOD
Using the Access to Information Act, medical financial claims for BCT (or equivalent procedures; see Supplementary File 1 1 for an overview of how each province labels BCT) were requested from each of the Canadian provinces and territories (see Supplementary File 2 1 for exclusions and details on data format and handling). Time-series data were obtained from 9 provinces: spanning the most recent year on record (2014) (2015) and going back to the earliest year reporting was available (2000) (2001) . Based on the available information (see Supplementary File 3 1 ) an exploratory effort was performed to: (i) examine national and provincial trends and frequencies of (insurance) reimbursement records for BCT; (ii) normalize numbers of BCT claims per 10,000 people based on population estimates from Statistics Canada [34] and per 1000 individuals with asthma [35] ; and (iii) correlate the number of BCT claims with the prevalence of professionals (i.e., respirologists, allergists, internists, and general practitioners) based on estimates from the Canadian Medical Association Masterfile [36] . The correlation between the number of BCT claims and various health variables were also investigated (e.g., population with asthma, location of physician training, and health expenditures). For all computations, SPSS version 24 and bootstrapping (resampled 2000 times) were used to obtain confidence intervals for all correlations. Bootstrapping is a commonly used technique that simulates multiple potential samples based on the available data to provide estimations that do not rely on the classical assumptions of statistical inference.
Could BCT be over-prescribed? To this aim, an informal, "back-of-the-envelope" calculation was performed using simplified assumptions-to be taken with a pinch of salt. To form a rough provincial estimate of the percentage of asthmatics who had BCT over the past 15 years (the period of available data), the total number of claims throughout 2000-2014 was divided by the number of people with asthma in 2014 (the most comprehensive figures available from Statistics Canada) [35] for each individual province. In sum, this procedure highlights the total number of BCT claims as a percentage of the number of asthmaticsa rough index to the number of asthmatics who received BCT. Figure 1 displays data for the number of medical claims for BCT. Two provinces markedly contrast with the others when controlled for population or alternatively for population with asthma: physicians from Québec perform four times more tests per year (the highest ratio), whereas physicians from Alberta perform nearly eight-fold fewer tests (the lowest ratio). Table 1 depicts correlations and confidence intervals of BCT claims per capita. Correlation analyses revealed a moderate relationship between number of respirologists and BCT claims (Model 1 in Table 1 and Figure 2) . A visual inspection of Figure 3 suggests that Alberta, British Columbia, and Saskatchewan differ considerably from the rest of the other provinces in terms of their BCT and respirologist ratios. A second, exploratory correlation analysis without these provinces was therefore performed (Model 2 in Table 1 ), which greatly strengthened the correlation between BCT claims and respirologists. In general, these "outliers" seem to cluster on the West coast ( Figure 4 ). Geographic region only seems to meaningfully modulate the correlation between BCT claims and respirologists (Table 1) . Finally, Figure 5 shows clear differences among provinces in the estimated percentage of asthmatics with BCT over the past 15 years.
RESULTS

DISCUSSION
Compared with other provinces, the number of tests in Québec is four times higher; in Alberta, it is eight-fold lower-acknowledging population size and asthma rates. The higher rate of Québec respirologists (per capita) may partly explain this higher rate of BCT. However, Canada's geography seems to moderate the correlation between the number of tests and respirologists: there were fewer tests per respirologist in the West (i.e., Alberta, Saskatchewan, and British Columbia, with the exclusion of Manitoba). Other variables-including numbers of allergists and internists, location of completion of medical training, population, percentage of urban population, population density, and health expenditures-also correlate with the number of tests, albeit more weakly. Moreover, the current interpretation of these findings alongside the ratios of BCTs to asthmatics, as illustrated in Figure 5 , suggest that Québec and Ontario aside, Canada may be under-utilizing BCT.
How many tests?
Published reports document that between roughly 60% [28] and 90% [32] of adults show normal spirometry despite respiratory symptoms. Assuming Canada manages asthma in congruence with the asthma guidelines [2] , the proportion of asthmatics getting BCT should loosely match the percentages of these reports. Between 2000 and 2014 it is estimated (see Figure 5 ) that the equivalent of nearly 60% of asthmatics went through BCT in Québec, whereas in Ontario this number was just a hair over 30%. These two provinces contrast with the rest of Canada that all lie under the 25% threshold. In addition, medical specialists are more likely to recommend PFT compared with general practitioners [23, 24, 42] . This paper shows that the use of BCT relates to the number of respirologists, allergists, and internists, but not to the number of general practitioners; however, most Canadian provinces seem to shy away from BCT. Overall, this trend echoes an overarching tendency to discount the guidelines of the Canadian Asthma Consensus: for example, to confirm the diagnosis of asthma objectively given that almost 50% of patients reported having never received a lung function test [21] .
Ignoring asthma guidelines may have important consequences. One study [10] estimated that the improper diagnosis of asthma due to a lack of objective PFT could cost Canadians more than $275 million over a 50-year period. There is also some evidence that provinces differ in their misdiagnosis rates. Data from a recent survey of 10 Canadian cities [12, 22] suggest that over-diagnosis of asthma may be higher in western provinces (Manitoba, 49%; British Columbia, 48%; Alberta, 44%) and lower in eastern provinces (Ontario, 39%; Nova Scotia, 29%; Québec, 24%). 2 Furthermore, this regional distribution seems to follow the general pattern identified earlier regarding the relation between respirologists and BCT ( Figure 4 ). These findings raise the possibility that regional variation in BCT translates to similar variations in misdiagnosis rates.
Potential reasons for variation in BCT in Canada
Why provinces differ in their use of BCT remains unclear; a wide array of complex factors and interactions is likely at play (see Table 1 for examples). For instance, to obtain financial compensation in Québec, workers need to confirm the diagnosis of occupational asthma with objective tests [43, 44] . Moreover, Québec reportedly possesses a higher concentration of occupational and exercise-induced asthma specialists (Dr. Sandra written communication, July 2015)-although this does not mean they necessarily disagree with the objective confirmation of asthma using alternative methods such as spirometry and peak flow measurement. As a case in point, the use of spirometry depends on whether physicians believe it necessary to pose an accurate diagnosis [24] . This paper shows that completing medical training outside of Canada relates to fewer BCT claims; Québec physicians are correspondingly much more likely to obtain their medical training in Canada than physicians from other provinces [35] . Perhaps the influence of prominent Canadian experts (e.g., Freddy Hargreave [45, 46] and his protégées [47, 48] , and the Montréal group, including the Meakins-Christie Laboratories [49] ) lingers as a factor still governing the higher BCT rates in eastern Canada and Québec today.
Limitations
The following overarching caveats apply to this study. Important limitations also apply to the procedure for estimating the number of asthmatics who had BCT. First, provinces with a greater proportion of individuals followed for occupational asthma (e.g., Québec) may have inflated numbers, assuming these individuals undergo BCT more than once. Furthermore, the total number of tests only covers the past 15 years, whereas asthmatics may have undergone BCT before this period, hence this analysis likely under-estimates the actual number of asthmatics who received BCT. However, the procedure used estimates from Statistics Canada for the number of people who report having received a diagnosis of asthma by their physician [38] -these individuals may or may not have received BCT. This last limitation may actually provide more support for this estimation because including cases in which BCT excluded the diagnosis of asthma would further decrease the percentages of suspected asthmatics who had BCT, and reinforce the hypothesis that most provinces under-use BCT. And yet, this procedure provides but a rough estimation of the number of asthmatics who received BCT.
CONCLUSION
This paper shows substantial interprovincial variations in the use of BCT. These findings expand our understanding of the diagnosis of asthma in Canada by highlighting the critical role of respirologists and the moderating effect of geographic region. A tentative analysis also suggests that certain provinces may be under-prescribing BCT, thereby increasing risks for misdiagnosis of asthma and associated health care costs. Overall, this investigation complements earlier research on the misdiagnosis of asthma [10] [11] [12] [13] [14] [15] [16] [17] [18] [21] [22] [23] [24] and contributes to a more systematic understanding of the use of objective testing in asthma. Future research should address the possibility of under-reporting in the current study, as well as the reliance on a rough approximation to determine how many individuals diagnosed with asthma underwent BCT. To detect and address the misdiagnosis of asthma specifically, the respiratory medicine community would stand to benefit, over and beyond documenting PFT, from a more precise and thorough assessment of clinicians' adherence to the Canadian guidelines when diagnosing and managing asthma. 
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